The mature TCR repertoire is now known to be shaped by both negative and positive selection events occurring within the thymus . Thus, TCR with high affinity for constitutively expressed self antigens (in association with appropriate MHC gene products) are deleted during T cell development (1-7), whereas TCR with (presumably) low affinity for MHC class I and class II molecules are positively selected to become mature CD8' and CD4' T cells, respectively (7-9). The formal demonstration that these selective processes occur in both normal and TCR transgenic mice confirms earlier studies of radiation bone marrow chimeras (10-12) and provides a framework in which TCR repertoire development can be analyzed .
The mature TCR repertoire is now known to be shaped by both negative and positive selection events occurring within the thymus . Thus, TCR with high affinity for constitutively expressed self antigens (in association with appropriate MHC gene products) are deleted during T cell development (1-7), whereas TCR with (presumably) low affinity for MHC class I and class II molecules are positively selected to become mature CD8' and CD4' T cells, respectively (7) (8) (9) . The formal demonstration that these selective processes occur in both normal and TCR transgenic mice confirms earlier studies of radiation bone marrow chimeras (10) (11) (12) and provides a framework in which TCR repertoire development can be analyzed .
In the present study, we have undertaken a detailed analysis of the ontogeny of disappearance of self-reactive cells using a recently described model system (3) in which a particular TCR (3 chain variable domain (V06) correlates with reactivity to a minor antigen encoded within the Mlsa locus. Our results indicate that selfreactive (VQ6 +) T cells with a mature (CD4+) surface phenotype are present during the early postnatal period in the thymus of Mlsa mice but rapidly disappear thereafter. Intriguingly, this disappearance is correlated with the transient appearance of V06' CD4+ thymocytes bearing reduced levels of surface TCR. These results are discussed in the context of current models of T cell development and the induction of autoimmunity.
Materials and Methods
Mice. Congenic BALB/c (H-2d, Mls6) and (BALB/c x BALB .D2.Mlsa) F, (H-21d, Mls'1a ;
hereafter referred to as BALB .Mlsa) mice were bred in the animal facility of the Swiss Institute for Experimental Cancer Research, Epalinges, Switzerland . BALB .D2.Mlsa (13) breeders were kindly provided by Dr. Hilliard Festenstein, London Hospital Medical College, U.K .
CellSuspensions. Neonatal mice were anesthetized by cooling. Thymus, lymph nodes, and spleen were removed and homogenized to yield single cell suspensions.
mAbs. Cytotoxic rat IgM mAbs against CD4 (RL172 .4) and CD8 (3 .168 .1) were used in the presence of rabbit complement to deplete thymocyte suspensions of CD4' or CD8T his work was supported in part by a grant from the Swiss National Science Foundation (to H. Hengartner). Flow Micro, fluometry. Single and two-color immunofluorescence were performed on a modified FACS II flow cytometer (Becton Dickinson & Co ., Sunnyvale, CA) as described previously (3) .
Assessment of Mls°Ontogeny. The stimulatory capacity of spleen cells from newborn or adult BALB .Mlsa mice was assessed by incubating graded doses of cells (104-106 ) with 2 x 104 cells of an Mlsa-specific T cell hybrid RG17 .16 (17) . After 48 h, the IL-2 content of supernatants was measured as described (18 sisted until adulthood (compare with reference 19). In control BALB/c (Mlsb) thymus, Vp6+ cells were present in both cortex and medulla at all ages tested .
Selectively Decreased Intensity of V,B6 Staining in Neonatal Mlsa Thymus. Careful analysis of the staining profiles of CD4+ thymocytes from neonatal BALB .Mlsa mice revealed a progressive shift in the mean Vp6 fluorescence intensity as compared with age-matched BALB/c controls . At early times (day 2-3), Vp6+CD4 + cells stained equally brightly in Mlsa and Mlsb thymus (data not shown). However, beginning around day 4-5, CD4+ thymocytes from BALB.Mlsa mice stained less brightly for Vas than the corresponding BALB/c (Mlsb) thymocytes (Fig . 4) . This difference, which persisted as long as Vp6+ cells could be detected in Mlsa mice (i .e ., until day 7-10), was highly reproducible (18.6 t 1.6 log fluorescence channels, mean t SEM, n = 8) and corresponded in absolute terms to a 40-50% decrease in TCR density. The intensity of Vp8 staining was, however, comparable for CD4+ thymocytes from Ontogeny ofMe Stimulatory Capacity. The ontogeny of cells capable of stimulating an Mlsa-specific T cell response was investigated using a T cell hybrid (RG 17 .16) that secretes IL-2 in response to MlSa antigens presented in association with appropriate MHC class II gene products (particularly El and Ed) (17) . Adult BALB .Mlsa spleen was a potent stimulator of RG17 .16, whereas neonatal (1 d) spleen did not induce a detectable response (Fig . 6 ) . Further analysis indicated that MlSa stimulatory capacity was first detected at 4 d (Fig. 6 ) .
Disappearance of VB6" Cells in Neonatal Mlsb Thymus, after Transfer ofMle Spleen Cells.
In view of the uncertainty regarding the ontogeny of expression of the MlSa antigen, the kinetics of disappearance of CD4'VO6' cells was also investigated in BALB/c (Mlsb) mice that had received a neonatal injection of DBA/2 (Mlsa) spleen cells. As shown in Table I , CD8-thymocytes from 4-d-old "Mlsa-tolerant" BALB/c mice already had slightly reduced numbers of VS6' cells, as compared with age-matched controls . Furthermore, the mean intensity of V06 staining was significantly diminished in the tolerant animals (data not shown), as previously observed for newborn BALB .Mlsa Mice (Fig . 4) . By day 8, CD4'VS6' cells were present at very low levels in the DBA/2-injected mice, as compared with controls (Table I) . Staining with the control V08-specific mAb KJ16 did not reveal a significant decrease in the proportion of positive cells in neonatally Mlsa-tolerant animals (Table I) , nor was there a shift in V08 fluorescence intensity (data not shown) . Current models of T cell development within the thymus (20) (21) (22) (23) (24) argue in favor of a differentiation pathway in which CD4-8 -(TCR -) precursor cells give rise to CD4'8' (TCR') "cortical" thymocytes, a proportion of which are further selected to become mature CD4' or CD8 + T cells . The status of CD4'8' thymocytes as developmental intermediates (rather than "dead end" cells) has been greatly strengthened by recent studies in which developing T cells bearing a self-reactive TCR have been followed by antiTCR mAbs . Thus, in both normal (3) and transgenic (4, 7) animals, clonal deletion of autoreactive TCR specific for MHC class I-or class II-restricted antigens has been found to occur in both CD4' (class II-restricted) and CD8' (class I-restricted) mature subsets, arguing that elimination may occur at a stage when both CD4 and CD8 are expressed. Furthermore, inhibition of the clonal deletion process by in vivo administration of anti-CD4 mAbs (in the case of class II MHC-restricted TCR) was found to restore autoreactive cells in the complementary (CD8') subset (22, 23) . Collectively, these results make a strong case that the CD4'8' thymocyte is a precursor of both mature T cell lineages as well as a target for the negative selection process.
It is of interest to try to relate the findings described in this report to such a developmental model. In this regard, the presence of some CD4'Vp6' cells in the early postnatal BALB .Mlsa thymus could be interpreted as being due simply to the absence of tolerogen (Mlsa antigen) at this stage of development, a possibility that is difficult to evaluate experimentally (see below) . On the other hand, the fact that CD4'Vp6' cells are considerably less frequent (even shortly after birth) in BALB .Mlsa thymus as compared with age-matched BALB/c controls suggests that some manifestation of self tolerance is occurring. Moreover, the selectively reduced levels of TCR expression on these CD4+ thymocytes that coincides temporally with their disappearance from the thymus (day [4] [5] [6] [7] provides suggestive evidence that they may be responding to a tolerogenic stimulus in vivo. If this interpretation is correct, our results raise the possibility that thymocytes bearing autoreactive MHC class II-restricted TCR are either deleted at a CD4+ stage of development or alternatively progress to the CD4 + stage after receiving a tolerogenic signal in an earlier (presumably CD4+8+) compartment. It is noteworthy that CD8+ Nothing is currently known about the mechanism of deletion of autoreactive cells within the thymus, although various models including specific veto cells (25, 26) or programmed cell death (27) have been proposed . In this regard, the selectively decreased TCR density on CD4 +Vp6 + cells from either the neonatal BALB .Mlsa thymus or the thymus of Mlsa-tolerant BALB/c mice could be interpreted as a manifestation of TCR downregulation (or modulation) resulting from recent contact with a tolerogenic signal . Similar decreases in TCR density have been observed on mature T cells after stimulation with anti TCR mAbs (28) or phorbol esters (29) . Alternatively it is possible that CD4+VS6+ thymocytes with constitutively low TCR density selectively accumulate in Mlsa mice because of a corresponding reduced avidity for Mlsa/class Il MHC tolerogens .
Early postnatal thymocytes have been shown to react to self antigens (30, 31) , including those apparently encoded by the MHC class II locus (32) . In this context, it is also well established that effective functional tolerance to foreign antigens (including Mlsa) can be induced in mice by injection of the antigen (or antigen-bearing cells) within a short period after birth (33) (34) (35) . Furthermore, as shown here and elsewhere (36) , such neonatally induced tolerance (at least in the Mlsa system) is accompanied by rapid intrathymic deletion of mature VQ6+ cells. Taken together, these observations raise the possibility that post-natal elimination of autoreactive cells is not unique to the Mlsa antigen but, rather, represents a normal physiological pathway of self tolerance during development. Although seemingly potentially harmful to the organism, delayed induction of tolerance may be necessitated by limitations in the rate of entry of tissue-specific antigens and/or hematopoietic-derived (tolerance-inducing?) cells into the thymus after birth. Alternatively, it is possible that the Mlsa antigen is unusual in that its expression is delayed during ontogeny. As shown here and elsewhere (37) , the ability of splenic cells to stimulate an Mlsaspecific T cell response in vitro cannot be detected at birth; however, it is not clear whether this represents a delayed transcriptional activation of the Mlsa gene or simply a delayed development of those cells (most likely a subset of B lymphocytes [38, 39] ) that are best able to stimulate an Mlsa response in vitro. The fact that the postnatal kinetics of elimination of CD4+VS6+ cells is similar in the thymus of Mlsa mice or Mlsb mice injected at birth with Mlsa spleen cells would be consistent with the latter interpretation . However, molecular (or serological) definition of the Mlsa gene product will be required to completely resolve this issue.
If the Mlsa system described herein does prove to be a representative model of self tolerance, then it follows that a previously underestimated population of potentially autoreactive T cells are generated (and peripheralized) during early life . Although these cells would be dramatically diluted during the further course of normal T cell development, it remains to be investigated whether they persist in the adult as autoreactive cells, or alternatively, are functionally inactivated by some peripheral tolerance mechanism (40) . The potential of a neonatal cohort of self-reactive T cells to provoke autoimmunity is strongly supported by the finding that thymectomy of mice or rats within a short time period after birth leads to a greatly increased incidence of a wide range of autoimmune disorders (41) (42) (43) (44) (45) . Such a result would be consistent with the delayed kinetics of elimination of autoreactive cells in our model system .
Summary
The postnatal ontogeny of potentially autoreactive T cells has been studied in a model system where a particular TCR a chain variable domain (V06) is correlated with reactivity to a minor antigen encoded by the Mlsa locus. Although absent among mature (CD4+ or CD8+) T cells in adult mice expressing Mlsa, brightly staining V06' cells were readily detectable in the thymus of neonatal animals, reaching a maximum after 4 d and decreasing rapidly thereafter. These V06 + thymocytes were predominantly of the CD4+ phenotype and were localized in the medulla of the developing thymus . Furthermore, the intensity of TCR expression by these CD4+ cells was significantly (twofold) reduced as compared with agematched Mlsb controls . A rapid disappearance of CD4+VO6+ cells (and corresponding decrease in TCR density) could also be observed in the thymus of Mlsb mice that had been injected neonatally with Mlsa spleen cells. Taken together, these results raise the possibility that some autoreactive T cells may persist after birth and that TCR downregulation may occur as a physiological response to tolerogenic signals in vivo.
